The nanocomposites with carbon nanotubes (CNTs) and shape memory polymer (SMP) were developed for electrical applications. The specimens with different CNTs weight fractions were prepared. Their electrical resistivities and electromagnetic interference (EMI) shielding effectiveness (SE) were investigated. The electrical resistivity was examined by four-probe method at different testing temperatures of 25, 35, 45, 55 and 65 ˚C around glass transfer temperature (T g ).
Introduction
In recent years, the progress of technology and increment in the amount of information are remarkable and high-speed communication is indispensable. To realize high-speed communication, the higher frequency range from the microwave to the millimeter wave is expected. Many electronic instruments with the higher frequency, such as satellite communication, automobile collision prevention radar, accident surveillance of a railroad, and millimeter wave wireless LAN and so on, have been developed and applied [1, 2] . The electromagnetic waves produced from some electronic instruments have an adverse effect on the performance to other equipments. This is called as electromagnetic interference (EMI) . EMI may cause malfunction to medical apparatus, industry robots or even cause harm to human body and become one of public nuisances [3] [4] [5] [6] . Therefore, in order to alleviate these troubles the development of EMI shielding materials for microwave and millimeter waves are receiving increasing attention briskly.
EMI shielding refers to the reflection and/or adsorption of electromagnetic radiation by a material, which thereby acts as a shield against the penetration of the radiation through it [7] . The shield should be in high conductance, thus metals, such as steel, copper, aluminum, etc., are the most common materials used for EMI shielding. Since metal shielding has shortcomings of heavy weight, corrosion and physical rigidity, polymer composites with discontinuous conducting fillers, such as metal particles, carbon particles, carbon fiber, are extensively employed in EMI shielding [8] [9] [10] [11] [12] [13] . Although these composites are not strong enough for most structural applications, they are attractive because of their superior molding and more dependable lightweight. For these composites, the EMI shielding effectiveness increases with increasing fraction of the filler and with increasing aspect ratio of the filler. The aspect ratio is defined as the ratio of the length to the diameter of the conductive fillers. According to the electromagnetic wave percolation theory, if the conductive filler in a polymer composite retains a high aspect ratio, the filler easily forms a conductive network. At a certain threshold value of fraction of the filler, the particles or fibers are sufficiently close-packed to form unbroken conducting pathway through the composite, and the conductivity of the material increases sharply [10, 14] .
Among the various conductive fillers, carbon nanotubes (CNTs) have been shown to be an excellent candidate for EMI shielding due to higher aspect ratio and large surface area [14] . Vapor grown carbon nanofibers (VGCFs), referred as multiwall carbon nanotubes (CNTs), typically have diameters in the range of 50-200 nm. Compared with other CNTs, VGCFs can be produced today in a large amount and at lower cost by using natural gas or coal as a stock catalyst [15, 16] . Their good thermal and electrical conductivity, excellent mechanical properties, high aspect ratio (up to 1000) and low cost have attracted attention from both industrial and academic sides [17] [18] [19] .
Many researches on the enhanced thermal, mechanical and electrical properties and EMI shield effect for VGCF base composites were conducted [15, [20] [21] [22] [23] [24] [25] [26] [27] [28] . However, the study on the unique nanocomposite with carbon nanotubes and shape memory polymer (SMP) is just on the way. The authors have reported the characteristics of shape memory effect on CNT/SMP nanocomposites in previous paper [29] , where their electromagnetic interference (EMI) shielding effectiveness (SE) has not been investigated.
Shape memory polymer (SMP) has the characteristics such as large recoverability, lightweight, superior molding property and so on. These advantages have resulted in that the SMPs become one of functional materials from many fields [30] [31] [32] . For SMP of polyurethane series, its glass transfer temperature (T g ) may be set up around room temperature, and it has a large difference in mechanical properties, optical characteristics and steam permeability above and below the temperature Tg. The characterizations such as shape recovery and/or shape fixation may appear to be quite different. Thus the polyurethane SMP will have wider applications in the field of industry, medical treatment, welfare and daily life as an actuation material [33] [34] [35] [36] . A significant property of SMP materials is their low stiffness. A few researchers have studied composite material based on a shape memory polymer matrix [37] [38] [39] . In our previous paper [29] , carbon nanotube reinforced shape memory, CNT/SMP, nanocomposites were developed. The investigated results showed when a plate was made no matter how complicated shape was requested in the practical use, it could be obtained by heating and then molding the plate to a required one after cooling due to the shape stability of SMP. Moreover, any structure and its thickness in a product can be designed and controlled by laminating technology. Therefore, CNT/SMP nanocomposites provided that there exists sufficient intrinsic EMI shielding capability may be hopeful for electrical and electronic applications. Here, the electromagnetic interference (EMI) shielding effectiveness (SE) for the developed CNT/SMP nanocomposites are investigated and their electrical resistivities and the relationship between the electrical resistivity and temperature were examined. And EMI SE values for CNT/SMP nanocomposites with different thicknesses were compared.
Experimental Work

Materials
Multi wall carbon nanotubes (VGCFs) produced by Showa Denko K.K. were used with an average diameter of about 150 nm and the length of 10~20 µm. The polyesterpolyol series of polyurethane shape memory polymer were used as a matrix and its glass transition temperature T g is about 45 ˚C. The raw material is liquid and the weight ratio of polymer to solvent is set to be 3:7.
Fabrication of Specimens
Carbon nanotubes were put into a solvent little by little and dispersed for 3 h at 45 ˚C by ultrasonic vibration with oscillation frequency of 42 kHz and the power of 125 W. The diluted SMP solution is gradually poured into the mixed solution of VGCFs and solvent, and then the mixture was dispersed for 3 hours. Then the mixture was cast into a container and dried at 70 ˚C, and the CNT/SMP nanocomposites were prepared. In order to vaporize water completely, CNT/SMP nanocomposites were dried at 110 ˚C. The weight fraction of VGCFs was 1.7, 3.3, 5.0 and 6.7 wt%, respectively. For comparison, the pure SMP films were also prepared in a similar method. The developed CNT/SMP nanocomposites were examined in a scanning electron microscope (SEM) in order to observe the distribution and structure of VGCFs in SMP. The SEM image of 5.0 wt% VGCFs is shown in Fig.1 . It is observed that carbon nanotubes exhibited relatively good dispersion in SMP and were distributed randomly. It is confirmed that the size of carbon nannotubes in the material is 1~2 hundred nanometers in diameter and several microns in length. It is evident that an interconnected conducting network has been formed in the developed CNT/SMP nanocomposites.
Electrical resistivity
In order to examine the electrical property of CNT/SMP nanocomposites, the electrical volume resistivity was conducted by four-probe method. A constant current was passed with a direct current where V is voltage, I is current, l is distance between inside copper electrodes, w, t is width and thickness of the specimen, respectively.
Electromagnetic Interference (EMI) Shielding Effectiveness (SE)
The methods such as free space method, shielding box method, coaxial transmission line method are often used to evaluate an electromagnetic shielding material. For a millimeter wave band, the technique to evaluate EMI SE is known widely with two antennas arranged face to face. A specimen much larger than the opening area of a horn antenna is required because of the radiation pattern characterization of the horn antenna. In this paper, the SE of CNT/SMP nanocomposites was analyzed using near-field antenna measurement systems. The illustration of measurement is shown in Fig.3 , which consisted of a vector network analyzer (37169A Anritsu Co., Ltd.) and a near-field antenna measurement instrument (Tokai-techno Co., Ltd.) with a transmitting horn antenna and a receiving waveguide probe. The horn antenna and waveguide probe will be changed according to the frequency range to be measured.
The waveguide probe is perpendicularly arranged to the horn antenna and has the distance of more than three times of the wavelength from the opening side of the horn antenna for a measurement frequency. The output from the network analyzer is put into the horn antenna, and the receiving energy after transmitting CNT/SMP nanocomposites is measured by the waveguide probe.
Based on these near-field data, the far-field value is computed by the network analyzer. In order to delete influence error of diffracted wave, only the transmitted electromagnetic wave is broached by using the time gating function of the network analyzer and considered to correspond to the transmitted energy. EMI SE was defined as the difference of the transmitted energy between the CNT/SMP nanocomposite specimen and a reference specimen. The SMP bulk is used as the reference specimen, and four kinds of CNT/SMP nanocomposites with different carbon nanotubes weight fractions are investigated. The EMI SE is measured in frequency ranges of 18~26.5 GHz (K band), 33~50 GHz (Q band) and 50~75 GHz (V band) in the horn antenna and waveguide probe, respectively. In order to elucidate the influence of the specimen thickness on EMI SE, two different thicknesses, 0.5 mm and 3 mm, are also prepared.
Results and Discussion
Electrical resistivity results
The electrical resistivities of CNT/SMP nanocomposites for different weight fractions at room temperature are shown in Fig.4 . The electrical resistivity decreased with increasing the weight fractions of carbon nanotubes. It is just as expected the CNT/SMP nanocomposites possess electrical conductivity due to the addition of carbon nanotubes. The electrical resistivity of 1.7 wt% VGCFs is larger than others. For the weight fraction over 3.3 wt%, the electrical resistivity dropped remarkably. This phenomenon is called as percolation. The big drop indicates the percolation threshold value of carbon nanotubes, VGCFs, in SMP for electrical resistivity is less than 3.3 wt%.
Shuying et al. [6] showed that the percolation threshold value for VGCF/liquid crystal polymer composites is 5.0 wt% VGCFs and Lozano [28] et al. showed that the percolation threshold value of VGCNF/Polypropylene composites is 18 wt% VGCFs. It is evident that for the matrix of shape memory polymer the VGCFs are dispersed to form an interconnected conducting network due to straight-chain molecules in polyurethane series of shape memory polymer used in this paper. It is known that the nanotubes content needed for percolation is strongly dependent on the ability to form an interconnected nanotube network. With the solvent and ultrasonic vibration for the dispersion of VGCFs in shape memory polymer, the VGCFs are distributed in SMP matrix uniformly and easily and resulted in low percolation threshold.
The electrical resistivities of CNT/SMP nanocomposites at different testing temperatures are shown in Fig.5 . The electric resistivities became high with the rise of temperature. For CNT/SMP nanocomposites, the free electrons in VGCFs contribute electricity. The movement of these free electrons may be barred due to the molecules in a polymer matrix and this may cause resistance increase against a body. When the temperature arises and the movement of molecules becomes active, the collision frequency of free electrons increases and then electrical resistivity may become large. Therefore, for CNT/SMP nanocomposites, the electrical resistivity increased almost linearly with temperature like metal. If the electrical resistivity at 0 °C is set to be 0 ρ the electrical resistivity ρ at temperature T can be expressed as follows.
where α is the temperature coefficient representing the rate of electrical resistivity.
Prediction of EMI Shielding Effectiveness
Electromagnetic wave consists of a magnetic field (H-field) and electric field (E-field) and changes periodically, while the two components induct each other and propagates at right angles to the plane containing two components perpendicular each other. The ratio of E-field to H-field is defined as wave impedance (Z w , in ohms). Large impedance characterizes electric fields and small one is to magnetic fields. In the case of far field and plane wave conditions, the ratio of E-field to H-field remains constant and equal to 120π Ω, the intrinsic impedance of free space. In EMI shielding, there are two regions, the near field shielding region and far field shielding region, need to be considered. When the distance between the radiation source and the shield material is larger than π λ 2 / (where λ is the wavelength of the source wave), it is in the far field shielding region.
The theory of electromagnetic plane wave is generally applied for EMI shielding in this region.
When the distance is less than π λ 2 / , it is in the near field shielding region and the theory based on the contribution of electric and magnetic dipoles is used for EMI shielding [5, 12, 40] .
Shielding effectiveness, SE (dB), is a parameter for the reduction of EMI at a specific frequency due to a shield and is defined as: [5, 40] when the distance between the reflecting surfaces or interfaces is large enough compared to the skin depth [5, 7] , which in meters is defined:
where is the frequency (in Hz), f µ is the magnetic permeability by The shielding effectiveness (SE) for a conductive material can be expressed by the following equation.
where R is the first reflection loss of the electromagnetic wave, and A is the absorption loss of the energy of the electromagnetic wave. According to the report by Morita et al. [41] , when 3 . 1 ≥ δ t , the reflection loss R (dB) can be expressed as follows:
And then the absorption loss, A (dB), can be evaluated from the equation as follows:
Therefore,
………… (8) where,
, t is the thickness (m) of a specimen . It is observed that SE in equation (8) is a function of resistivity, thickness and measurement frequency for a shied material.
, SE will result in following formula.
Time Domain Property of Eelectromagnetic Wave
The electromagnetic wave through a shield material is measured and then far-field values are computed using a network analyzer. Then these values are converted by inverse Fourier transform, and the time dependence of the transmitted electromagnetic wave is obtained. The typical relation between the time and transmitted electromagnetic waves is shown in Fig.6 at V-band for the specimen with 3 mm thickness. The transmitted electromagnetic wave is observed within 0.6~0.8 ns for CNT/SMP nanocomposites and SMP bulk. When VGCFs weight fraction increases, the peak of transmitted electromagnetic wave decreased and shifted to right side (delay). This means that EMI SE will increase with the increment of VGCFs weight fraction. Since the transmitted electromagnetic waves were only broached by the time gating function in the network analyzer they should correspond to the transmitted energy. The transmitted electromagnetic waves reached after 0.8 ns were the diffracted ones detouring around the specimen.
Shielding Effectiveness of CNT/SMP Nanocomposites
The EMI SE of CNT/SMP nanocomposites for different bands and shielding thicknesses is shown in Fig.7-9 . For the variation of the thickness of a shielding material under the same frequency condition, the materials with 3 mm thickness show the higher EMI SE compared to the 0.5 mm. According to the equation (7), it is clear that the absorption loss is in proportion relation to the thickness of a shielding material. When the thickness increases EMI SE will have a large value.
It is observed that EMI SE of CNT/SMP nanocomposites increased with VGCFs weight fraction at all frequency bands. The higher the frequency, the higher the value of EMI SE. For the material of 6.7 wt% VGCFs and 3 mm thickness, the value of EMI SE exceeded over 30 dB for any of three frequency bands, and its maximum value reached 65 dB. The value of EMI SE indicates how much incident signal is blocked by the shielding medium. For the value of 10dB EMI SE, this means 90 % of incident signal is blocked, and for 20 dB, 99 % of incident signal is blocked. Many researches indicate that the reduction of signal strength by 30 dB would be adequate for 50 % cases in the applications of automotive and computer industries. And the reduction by 40 dB would fulfill 95 % of the requirements [42] . It is clear that CNT/SMP nanocomposites are excellent shielding materials for electromagnetic interference, especially at high frequency.
For CNT/SMP nanocomposites for 6.7 wt% and 5.0 wt% of VGCFs with 3 mm thickness, the value of δ t at maximal testing frequency 75 GHz is 4.72 and 3.78, respectively. Thus, using equation (8), the values of MEI SE for these two materials can be calculated. The relationships between MEI SE of CNT/SMP nanocomposites for 6.7 wt% and 5.0 wt% VGCFs with 3mm thickness and the frequency at three bands are shown in Fig.10 . In the testing frequency bands, the EMI SE for CNT/SMP nanocomposite with 6.7 wt% VGCFs is larger than that for 5.0 wt%. When frequency becomes large the rate of increment for EMI SE in 6.7 wt% one is larger than that in 5.0 wt%. Making a comparison between experimental results and theoretical ones for CNT/SMP nanocomposite with 6.7 wt% VGCFs, the difference is 10 dB at K band, and about 20 dB at Q band and V band. The predicted value is smaller than experimental one. However, for CNT/SMP nanocomposite with 5.0 wt% VGCFs, no obvious difference at K band and only small difference of 8 dB at Q band and V band are observed. This difference may be contributed due to multiple reflection, which was not considered in the prediction.
Conclusions
In this study, the nanocomposites with carbon nanotubes (CNTs) and shape memory polymer (SMP) were developed and their electrical resistivity and electromagnetic interference shielding effectiveness (EMI SE) were examined. The results obtained are concluded as follows:
1. The electrical resistivity of CNT/SMP nanocomposites decreased with increasing the weight fraction of VGCFs at each testing temperature. The electrical resistivity for the developed nanocomposites is dependant obviously on temperature with a linear relation like metals. It is found the percolation threshold of VGCFs in shape memory polymer is about 10 wt%.
2. The EMI SE of CNT/SMP nanocomposites have a strong dependence of carbon nanotube content and the specimen thickness at all of three frequency bands. The higher frequency, the larger EMI SE. The prediction for EMI SE is analyzed. For the materials with 5.5wt% VGCFs both experiment and analysis will agree well, and theoretical prediction proposed for EMI SE may be respected for a practical use. Fig.1 SEM micrograph of CNT/SMP nanocomposite with 5.0 wt% VGCFs. Fig.2 Specimen used for measurement of electrical resistivity by four-probe method. Fig.3 The schematic of an EMI shielding effectiveness measurement system. 
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